Developing ultra-high strength in rare-earth-free Mg alloys using conventional extrusion process is a great challenge. What is even more difficult is to achieve such a goal at a lower processing cost. In this work, we report a novel low-alloyed Mg-2Sn-2Ca alloy (in wt. %) that exhibits tunable ultra-high tensile yield strength (360e440 MPa) depending on extrusion parameters. More importantly, there is little drop in mechanical properties of this alloy even when it is extruded at a speed several times higher than those used in the reported high strength Mg alloys. Examination of as-extruded microstructures of this Cacontaining Mg alloy reveals that the ultra-high strength is mainly associated with the presence of surprisingly submicron matrix grains (down to~0.32 mm). The results suggest that the Ca addition promotes accumulations of the pyramidal dislocations, which eventually transform into the low angular grain boundaries (LAGBs). The high number density of LAGBs separate the a-Mg matrix via either discontinuous dynamic recrystallization (DDRX) mechanism in the early stage or the continuous dynamic recrystallization (CDRX) mechanism in the later stage of extrusion, which effectively enhances the nucleation rates of the DRXed grains. More importantly, large amount of Ca segregation along LAGBs, accompanied with dynamically precipitated Mg 2 Ca nano-phases, are detected in the present nonseverely deformed samples. It is the combination of solute segregations and numerous Mg 2 Ca nanoprecipitates that contributes to the formation of the ultra-fine grains via pinning mechanism. The ultrafine grains size, Ca enrichment in most LAGBs, and residual Mg 2 Ca nano-precipitates would in turn contribute significantly to the enhancement of the yield strength of the as-extruded Mg-2Sn-2Ca (wt.%) alloy. The low content of alloying elements and the fast one-step extrusion process render the present alloys low-cost and thus have great potential in large-scale industry applications.
Introduction
The growing concerns on the environmental problems keep inspiring us to develop novel magnesium alloys, which possess great potentials in aircraft and automobiles for energy saving due to the obvious advantages of low density (~1/4 of steel and~3/5 of aluminum), high specific strength and ease of recycling [1, 2] . However, the strengths of the current generation of Mg alloys are much lower than those of steels and Al-alloys [3e5] . Thus improving the absolute strength of Mg-alloys is a prerequisite for their wide-spread applications in the structural components [6e9] .
Several Mg alloys with superior strength have been developed by incorporating precipitation hardening (such as Mg-Rare-Earth (RE)-based alloys [10, 11] ), grain refinement hardening (such as equal channel angular pressing, ECAP, high pressure torsion, HPT [12, 13] ) and texture hardening [14, 15] . For example, the highest strength of 600 MPa has been reported in Mg-2.5Zn-6.8Y (in wt.%) alloy, processed by rapid solidification method [16] . High strength of 403 MPa was also achieved in cast Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr (in wt.%), a Mg-RE alloy, processed simply by aging treatment due to precipitation of the nano-scale basal plate phases [17] . The key point is to introduce sufficiently high density of nano-sized strengthening phases and operate via the Orowan strengthening mechanism. In this sense, the Mg-RE alloys usually exhibit remarkable age-hardening response and promising yield strength levels of 400e500 MPa. However, the high cost and resource scarcity make the abundant usages of RE elements as the major solute additions unacceptable in commercial applications [11, 18] . Moreover, manufacturing high strength Mg alloys usually works at quite low forming speed due to their poor formability, adding extra cost as compared to the Al counterparts.
On the other hand, the conventional RE-free Mg alloys, usually with much high contents of alloying elements, exhibit yield strengths lower than 350 MPa, in most cases lower than 300 MPa [19, 20] . In general, precipitation strengthening and grain refinement are considered as two effective strategies to improve strength of Mg alloys [21] . However, in the case of RE-free Mg alloys (such as Mg-Al-, Mg-Sn-and Mg-Ca-based), their age-hardening responses are usually not yet significant [20, 22, 23] because it is still a difficult challenge to achieve nano-dispersion of hetero-phase and homophase interfaces (e.g., nano-precipitates and grains) [24e27] . Fortunately, it is known that the grain refinement in Mg alloys contributes to the strengthening more significantly than the other alloy systems (such as Al alloys), according to their higher k values in Hall-Petch relationship [28] . The ultrafine grains of a-Mg matrix are thus considered to be necessary, but not yet well accomplished, for development of the high-strength Mg alloys. It is possible to utilize severe plastic deformation via HPT or ECAP mentioned above to obtain ultra-fine grains in Mg alloys [12, 13] , but the limited sizes of billets that can be produced by these processing techniques make their industrial applications remote. The inadequate strength of the RE-free Mg alloys is accordingly a well-known bottleneck that limits their widespread industrial usages. Therefore, it is becoming crucial to achieve ultra-fine grains and thus high strength in RE-free Mg alloys by utilizing the conventional continuous processing techniques such as rolling or extrusion.
In practical, the minimum grain sizes of RE-free Mg alloys produced by conventional process are usually around several micrometers [25, 26, 29] . For example, Sasaki et al. reported the average grain size of~2 mm could be obtained in the as-extruded Mg-9.8Sn-based (in wt.%) alloy [25] . With help of the low-speed extrusion, the minimum grain size of Mg-10Sn-3Al-1Zn-0.1Na (in wt.%) alloy can reach~1 mm, but the further refinement of matrix grains is even more difficult by conventional processes [26] . In this work, we found that a small amount addition of Ca to Mg-Sn alloy can induce high density of dislocations, sub-grain boundaries and numerous Mg 2 Ca nano-precipitates during conventional indirect extrusion. Interestingly, these Mg 2 Ca nano-precipitates and the sub-grain boundaries enriched by Ca can significantly restrict the growth of dynamically recrystallized grains, leading to submicron grain size (down to~0.32 mm) and also ultra-high strength that is tunable depending on extrusion parameters. The wrought Mg-2Sn-2Ca (in wt.%, named as TX22) alloy can exhibit an ultra-high absolute strength, a yield strength (YS) of 443 MPa, or a good strengthductility balance, e.g., a YS of 358 MPa and a room temperature elongation to facture of~8.9%.
Experimental
Mg-2Sn-2Ca alloy was prepared by melting the commercial pure Mg (99.90 wt%), Sn (99.95 wt%) and Ca (99.90 wt%) in the crucible resistance furnace and pouring the melt into the preheated mould (350 C) with diameter of 50 mm under the protection of mixture gas of CO 2 and SF 6 (100:1). The starting cast billet was homogenized at 500 C for 24 h and water quenched. Before indirect extrusion, billets with 45 mm in diameter and 100 mm in length were pre-heated at 220e320 C for 0.5 h in a resistance furnace. Indirect extrusions were then conducted at the 220e320 C, respectively, with an extrusion ratio of 20 and ram speeds of 0.3e1.3 mm/s.
The tensile tests were conducted with the dog-bone specimens in gage length of 30 mm and the diameter of 5 mm. Compression tests were conducted on the cylinder samples with height of 25 mm and diameter of 5 mm. The samples were machined from the extrusion bars along extrusion direction (ED). The tensile properties were tested on Shimazu AG-X Plus at an initial tensile strain rate of 1 Â 10 À3 s
À1
. The constituent phases of the as-cast, homogenized and as-extruded samples were identified by X-ray diffraction (XRD, Philips PW3040/60 X'Pert PRO with Cu K a radiation). Microstructures of the specimens were examined by scanning electron microscopy (SEM, JEOL JSM-7001F), and SEM images were taken from cross sections of the extruded bar in the back scattered electron mode (BSE). For electron back scattering diffraction (EBSD) examinations, both the as-extruded samples and stage I e III samples were ground and electro-polished in the electrolyte (80% C 2 H 5 OHþ20%HClO 4 ) at 20 V for~30 s and at e 30 C. EBSD was conducted over cross-sections of the samples using the Zeiss Ultra 55 microscopy with step length of 0.08 mm. The EBSD was analyzed by the orientation imaging microscopy software (OIM, HKL-Channel 5). The misorientation angles between the adjacent grains are used to identify the low angular grain boundary (LAGB, 2 q 15 ) and high angular grain boundary (HAGB, q ! 15 ), as indicated by red and black lines, respectively. The fraction of recrystallized grains was evaluated by the following method. If the boundary angles exceed 15 , the grains were considered to be recrystallized. The remaining grains with boundary angles lower than 15 were considered as the un-recrystallized regions. The average grain sizes were estimated from the band contrast images by using the linear intercept method (with the software of nano-measurer).
Transmission electron microscopy (TEM, JEOL JEM-2100F) was used to characterize the crystal defects and nano-precipitates. Thin foils for TEM were prepared by mechanical polishing (~40 mm) and then ion beam thinning (GATAN, PIPS 691). TEM observation was then conducted with an accelerating voltage of 200 kV. Grain size in the alloys was measured by the linear intercept method from EBSD and TEM results. Moreover, the high-angle annular dark-field (HAADF) observation was also conducted by using an aberrationcorrected scanning transmission electron microscope (STEM, FEI Titan G 2 60e300 Chemi-STEM, equipped with a Cs probe corrector and a Super-X EDS with four windowless silicon-drift detectors), operated at 300 kV.
Results

Mechanical properties
The TX22 alloy was prepared by induction melting, homogenized at 500 C for 24 h and water-quenched, and then extruded at different temperatures in the range of 220e320 C (referred to as TX22-220 at 220 C, for example, hereafter) and with ram speeds of 0.3e1.3 mm/s. Fig. 1 Table 1 and the corresponding engineering stress-strain curves are shown in Fig. 1a . In compression, the TX22-220 and TX22-240 alloys exhibit the compressive yield strength (CYS) of 319 MPa and 308 MPa, and the compression/tension yield ratio can be calculated to be 0.72 and 0.73, respectively, as listed in Table 1 . The two extruded alloys show an lower asymmetry than those of the commercial Mg alloys having asymmetry ratio usually lower than 0.5, including the Mg-Mn and Mg-Al-Zn alloys [30, 31] .
As to the TX22-280 alloy, the compressive ultimate strength is 415 MPa and CYS is 349 MPa, and its asymmetry ratio of 0.9 is obviously larger than that of the TX22-220 or TX22-240 alloy ( Table 1 shows that although the YS of TX22 extruded at 220 C decreases slightly with increasing the ram speed (referred to as TX22-220-0.7, i.e., at 0.7 mm/s), it still keeps as high as 395e436 MPa at ram speeds of 0.7e1.3 mm/s, which is superior to the recently reported YS of 410 MPa in Mg-3.6Al-3.3Ca-0.4Mn (wt.%) alloys extruded at a ram speed of 0.1 mm/s [39] . More interestingly, distribution map of YS and ram speed in Fig. 1d further demonstrates that the present Ca-containing alloys can keep at a high-strength level under the relatively high extrusion speeds, jumping out of the "banana curve" region of the other developed RE-free Mg alloys.
Microstructure characterization of as-extruded Mg alloy
We will present detail microstructures to explain the superior mechanical properties of as-extruded TX22 alloys. The eutectic Mg 2 Ca and MgSnCa phases formed in as-cast TX22 alloy, as confirmed by XRD and SEM results, are partially dissolved after solution treatment at 500 C for 24 h (Fig. 2 aec) . TEM images of the TX22 billet after pre-heating at 240 C for 0.5 h (before extrusion) are displayed, and tiny amount of precipitations can be observed ( Fig. 2d and e) . During the extrusion, some coarse MgSnCa and Mg 2 Ca phases on tens microns scales are sharply broken into micron sizes and distributed along the extrusion direction. After the extrusion processing, grain sizes of the as-extruded rods are extremely refined, as compared with those of as-solution billets (usually larger than 100 mm). Fig. 3 shows the band contrast images and inverse pole figure maps of as-extruded TX22 alloys extruded at different temperatures and ram speeds. In the TX22-220 alloy, most grains remain to be un-dynamically recrystallized (unDRXed), and numerous LAGBs disperse among the unDRXed grain interiors (Fig. 3a, f) . Some DRXed grains are occasionally found to disperse in matrix. In this sense, both the DRXed grains and sub-grains are considered for grain size analysis, and the average grain size is estimated to be~0.32 mm according to the band contrast image. The unDRXed grains keep the strong texture with <10-10> axis of the Mg matrix parallel to ED, while the fine DRXed grains exhibit more randomized texture and two preferred orientations of both <10- 10>//ED and <11-20>//ED can be detected, as indicated in Fig. 3a and f.
With increasing the extrusion temperature, the fraction of the unDRXed grains decreases from~90% in TX22-220 to~52% in TX22-240 ( Fig. 3b and g ), and the near fully DRXed microstructure is obtained in the TX22-280 sample ( Fig. 3c and h ). Pole figures for both DRXed and unDRXed regions indicate that the unDRXed grains keep the fiber texture with <10-10>//ED. In contrast, the preferred orientations of the DRXed grains gradually rotate from <10 to 10>//ED to <11-20>//ED, and more randomized texture is generated with increasing of the extrusion temperature. The results are consistent with previous works of the texture components transition during DRX [46, 47] . Higher extrusion temperature in the TX22-240 and TX22-280 alloys leads to certain grain growth, reaching~0.48 mm and~0.65 mm for the matrix grains, respectively. Nevertheless, the ultra-fine grain size of TX22-280 sample (~0.65 mm) is comparable with that obtained by severely deformed
Mg-alloys such as the HPT-ed and aged Mg-Zn-Zr-Ca alloy (~0.77 mm) [48] . When increasing the ram speed, the high-speed (Fig. 4a) . Evidences of LAGBs could be found by comparing the selected area diffraction patterns (SADPs) between the adjacent subgrain lattices within an unDRXed grain (~3e5 in Fig. 5a ). Moreover, the abundant nano-precipitates are found to be distributed homogeneously at both grain boundaries and in their interiors (Figs. 4b and 5b). The dynamically precipitated nanoprecipitates can be identified to be mainly the Mg 2 Ca phases, according to the SADPs and energy dispersive X-ray spectroscopy (EDS) mapping in Fig. 5c Mg2Ca . TX22-240 alloy exhibits more sharp DRXed grain boundaries and the nano-precipitates are homogeneously distributed ( Fig. 4c and d ). For the TX22-280 alloy, nano-precipitates are coarsened due to the higher extrusion temperature. Nevertheless, the nano-precipitates can also disperse nearby the grain boundaries, and the ultra-fine grains can be achieved ( Fig. 4e and f) .
Accompanied with the nano-precipitates, numerous linear structures lying on the (0001) planes of a-Mg matrix are observed in the as-extruded TX22 alloys ( Fig. 4b and d ), and they are identified to be the non-basal dislocations under the two-beam diffraction condition of g ¼ 0002 (Fig. 5b) . The HAADF-STEM image further demonstrates that some of the line defects are in fact stacking faults (SFs) with the stacking sequence of ABABCACAC, and that the edge of these SFs is composed of Frank partial dislocations with Burgers vector of 1/6<2-203> (Fig. 5e ). It was reported that the formation of such defects are associated with the dissociation of perfect <cþa> dislocations [49, 50] . Besides, it is hypothetical that the dislocations may provide preferred nucleation sites for the nano-precipitates, since large amounts of nano-precipitates are found to stay along or nearby the dislocation lines, as circled by the ellipses in Fig. 4b and d.
Microstructure evolutions during extrusion (EBSD results)
To understand formation mechanism of the surprisingly refined grains in the present non-severely deformed Mg alloys, microstructure evolution in the representative TX22-240 billet extruded with a ram speed of 0.3 mm/s was examined from different positions near the die exit, which was divided into stage I e III, and the corresponding inverse pole figures and pole figures images are shown in Fig. 6 .
In the initial stage I, necklace-like fine DRXed grains in a size range of 1e6 mm have been formed along the original HAGBs, Fig. 6a . A number of banded structures, as separated by the LAGBs, co-exist with the DRXed grains. Number fraction of LAGBs is estimated to be~55%, as displayed in Fig. 7 . With continuously shifting to stage II, the banded structures formed in the early stage I are intersected by higher density of LAGBs, and a more complex microstructure can be generated (Fig. 6b) . This includes the ultrafine necklace-like grains formed along HAGBs, i.e., discontinuous DRX (DDRX in area A), continuous recrystallized grains in grain interiors (CDRX in area B), and also the coarse as-deformed grains (area C). As compared with stage I, both the DRX fraction and LAGB density (line density of~8.5%, see (Fig. 6c) . In spite of that, majority of the grains still remains to be unDRXed and numerous LAGBs can be detected in the as-deformed grain interiors. The highest line density of LAGBs (~9.5%) is generated in grain interiors of the stage III sample, while the fraction of LAGBs significantly decreases to be~40% in stage III. Finally, the a-Mg matrix grains of the TX22-240 alloy shows the similar mixture microstructure with both fine DRXed grains (0.3e0.6 mm) and ultra-fine sub-grains (0.1e0.3 mm) (Fig. 3) . The fraction of LAGBs decreases to~20% in the TX22-240 alloy, and continuously decreases to~7% in the TX22-280 alloy with more sufficiently DRXed microstructure (Fig. 7) . 
TEM characterization of stage I sample
To further clarify formation mechanism of the ultrafine grains, TEM observations were carried on the stage I~III samples in TX22-240 billet. Fig. 8a shows that well-defined cell structures, composed of the low density of dislocations, are formed in stage I.
Occasionally, some residual basal and non-basal dislocations can be detected within grain interiors, as revealed by the two-beam diffraction images in Fig. 8b and c. Nevertheless, the total density of dislocations is low, which may result from the dynamic generation and recovery of dislocations during the early stage of extrusion.
TEM characterization of stage II sample
With shifting to stage II, the high density pyramidal dislocations are readily induced, resulting in the severe lattice distortion. For example, both the grey and dark contrasts are found to appear in the limited region of an unDRXed grain under the incident beam direction of B ¼ <10-10> (Fig. 9a) , which indicates variations of the lattice orientations in grain interiors. In the bright field TEM images, regions close to zone axis will show the dark contrast, while regions away from the zone axis orientation appear grey. Consequently, the grain boundaries and interiors become fuzzy, resulting from inhomogeneous distributions of dislocations and the high local lattice strain. More evidences of internal lattice distortions can be found in Fig. 9b , and some tiny DRXed grains have already been formed due to the high internal strains.
Simultaneously, some curved and/or straight subgrain boundaries have been formed in the stage II sample, as indicated by dashlines and asterisks in Fig. 9c . By careful examination, the array of pyramidal dislocations are observed to intersect with the LAGBs, but do not go across the boundaries. The dislocation walls (subsubstructures) start to transform into the subgrains at this stage. Moreover, it is observed that the subgrain formation can only be detected in the limited regions nearby the as-deformed grain boundaries. Besides, profuse nano-phases are dynamically precipitated, which were identified to be Mg 2 Ca. As seen from Fig. 9d , considerable amounts of nano-particles disperse along the dislocation lines. Several nano-particles connect with each other and locate along the same line defects. It suggests that the dislocations can promote formation of the nano-precipitations. By comparing the number density of phases with those in stage I, it can be known that the nano-precipitates are mainly formed in stage II. That is, the dynamic precipitation occurs much faster and earlier than the fully DRX process, and the pre-induced precipitation would necessarily affect the subsequent formations of DRXed grains. 
TEM characterizations of stage III and as-extruded samples
In stage III, the majority of the grain remains to be unDRXed, and the LAGBs are indicated by the asterisks in Fig. 10a . Arrays of the dislocations (marked by red arrows) are found to interact with the LAGBs. More importantly, it is expected that the LAGBs and the residual dislocations play the critical role in generating the potential nuclei of recrystallization. Some nuclei have transformed to the subgrains and occupy the original grain interiors in the manner of CDRX, as marked by dashed line in Fig. 10a . More interestingly, HAADF images in Fig. 10b indicate that the considerable solutes are enriched along both the dislocations and LAGBs. EDS mapping in the TX22-240 sample confirms considerable solute Ca atoms are found to be enriched at the LAGBs, nearby which the Mg 2 Ca nanoprecipitates are profusely detected (Fig. 10c) . Further observations show that the LAGBs are actually composed of a number of pyramidal dislocation (Fig. 10f and g ). The TEM images over a wider region can be found in Fig. 10d , showing the concurrent appearances of precipitates, dislocations and subgrains. Residual dislocation density becomes lower than those in the stage II, while the distribution of dislocations is still inhomogeneous. The subgrains, which result from dislocation movement during extrusion, would contribute to enhance the nucleation rates of the DRXed grains. Readily, some DRXed grains with clear HAGBs have already been formed nearby the subgrains (Fig. 10e) .
With shifting to as-extruded bar, more fully DRXed grains are found (Figs. 3 and 11) . Nevertheless, the certain amount of the unDRXed grains can still co-exist with the fine DRXed grains (Fig. 11a) . HAADF images show that the Ca segregation at the LAGBs, residual dislocations, as well as the Mg 2 Ca nano-precipitates can be detected in the as-extruded TX22-240 alloy (Fig. 11b ).
Discussion
In the present Mg-Sn-Ca alloy system, the microstructures of asextruded alloys have been extensively examined by the detailed EBSD and TEM analysis. The TX22-240 sample is selected as the typical alloy to study the microstructure evolution during extrusion and clarify the formation mechanism of surprisingly ultra-fine matrix grains.
Dynamic recovery and recrystallization during extrusion
The as-extruded TX22 alloys can be composed of either the unDRXed grain microstructure, the bimodal grain microstructure, or the fully DRXed grain microstructure depending on the extrusion parameters. It is observed that both the profuse dislocations and dynamic nano-precipitation play the key role in forming the subgrains during the extrusion of Mg-Sn-Ca alloys. High number density of the subgrains and their restricted transformation into the DRXed grains pinned by the partitioned solutes lead to the significant grain refinement.
At the beginning stage I, accumulation of the dislocations is difficult due to the limited strain. Dynamic recovery plays the major role in inducing rearrangement of dislocations and the gradual formation of cell microstructures. The grain boundaries are mainly composed of the lamellar structures, which resemble the lamellar sub-grains generated in ECAPed Al-1Mg alloy due to the rearrangement of mobile dislocations [51] . In this stage, new grains nucleate at periphery of the previous grain boundaries, which follows the typical manner of discontinuous DRX process.
With shifting to stage II, the high densities of both dislocations and precipitates are present simultaneously. The discontinuous nucleation of subgrains along grain boundaries is evidently observed, while the grain interiors with tangled dislocations keep in the un-DRXed state. The high line density of LAGBs in this stage (Fig. 7) can be partially ascribed to the high internal strain since it is expected that the misorientation within one unDRXed grain would easily exceed 2 under this large lattice-torsion strain. More importantly, it is believed that the certain grain boundary energy would provide the driving force for the LAGBs to develop into HAGBs. This is also the reason why fine DRXed grains are gradually formed during extrusion. When subjected to further extrusion (stage III), both regions of the grain boundaries and interiors would undergo nucleation of the subgrains. In this stage, certain numbers of LAGBs are added by the newly formed subgrain boundaries, rather than the lattice torsion boundaries in stage II. The absolute line density of LAGBs would essentially increase (Fig. 7) . Interestingly, the percentage of LAGBs decreases in stage III, as compared with stage II. It suggests that a certain percentage of LAGBs has transformed into HAGBs and DRXed grains are formed. Consequently, the original coarse grains are gradually evolved into a mixture of fine grains bounded by HAGBs and unDRXed grains composed of subgrains in the stage III and as-extruded alloys.
Dynamic activation of dislocations and solute partitioning
As mentioned above, both activations of the dislocations and solute partitioning effectively contribute to refining grains of TX22 alloy down to sub-micron size. It is noted that the segregated solutes are mainly the Ca atoms as confirmed by the EDS results (Figs. 10 and 11) , and Sn solubility is low at the extrusion temperatures since most of Sn atoms are consumed by the coarse as-cast MgSnCa phase (Fig. 2) [29] . Consequently, the robust activation of the high density of dislocations may be ascribed to the solute Ca dissolved in the a-Mg matrix, which agrees well with previous studies [52e54]. On the other hand, Ca element may also act to prevent the annihilation and reduce mobility of the dislocations, as a result of the strong dislocation-solute interaction [55] . Reduction in mobility of dislocation will suppress the rate of recovery and recrystallization, leading to accumulations of the defects. The high density of dislocations would rearrange to form the plenty of subgrains at both the grain boundaries and interiors during extrusion. More recently, Zhu et al. [56] proposed a formation mechanism of LAGBs in wrought Mg alloys, and claimed that the I1 type stacking faults, which are the same as the segment of dislocations mentioned above, can facilitate the formation of LAGBs via dislocation movements and interplays. In the present Mg-Sn-Ca alloys, the array of dissociated dislocations is also observed to intersect with LAGBs, as shown in Fig. 10 , which may suggest that the dislocation walls transform into LAGBs via the similar mechanism of polygonization [46, 56] . More evidences can be deduced from the atomic structure of LAGBs composing a number of pyramidal dislocations.
Moreover, the dynamic precipitations occur robustly with the activation of dislocations. In fact, the severe dynamic precipitation requires both the high-speed atom diffusions and the presence of sufficient high density defects. The high density of dislocations can be generated during the low temperature extrusion, as shown in Fig. 9 . The dislocation lines represent the high-energy regions, and the stress field around the defects contributes to increase the driving force for mass transfer. For example, the dislocations pipes can supply fast diffusion path for solute clusters [57] . Thus, the nano-precipitations nearby the dislocation lines can be effectively promoted. On the other hand, the dynamic precipitations are formed prior to the fully DRX. Presence of the nano-precipitates can continuously restrict growth of the subgrains and DRXed grains. However, different viewpoints have been proposed in regarding the effect of nano-phases on grain refinement during DRX. It is usually accepted in Mg alloys that the nano-phases would pin dislocations and then subgrains can be eventually nucleated. For example, previous work on Mg-6.2Zn-0.4Ag-0.16Ca-0.6Zr (in wt.%) alloy claimed the significant effect of Zr addition on the formation of subgrains, where the presence of Mg(Zn, Zr) precipitates was considered to pin the mobile dislocations [46] . The other study in Al alloys suggested that precipitates would facilitate retention of high density of dislocations by both promoting their generations and pinning the movements [58] . In this work, it is demonstrated that the dislocation activations are controlled by solute concentration dissolved in Mg matrix and the formation of nano-phases are dynamically induced by dislocations.
Besides that, the enrichment of Ca atoms at the LAGBs occurs readily in present samples, and the ultrafine-grain instability can be greatly suppressed by solute drag mechanism [59] . The recent works also demonstrate that some particular solutes (such as RE and Zn) can be attracted to the particular defects, such as twin boundaries, grain boundaries and stacking faults in Mg alloys, and the solute segregations are usually considered to be energetically favorable [50, 60] . Similarly, the segregation of Ca atoms to the LAGBs can also reduce the total energy. As a result, the solute Ca segregation can block the motion of GBs and retard the process for transformations from sub-grains into the DRXed grains, finally contributing to the formation of ultra-fine matrix grains. Although the high-speed extruded samples have excessive frictional heat, a similar pinning effect should also operate, which can enhance the thermal stability of the grain boundaries and lead to ultra-fine grains, e.g., in the TX22-220-0.7 (À1.0) alloy (Fig. 3). 
Mechanism of the ultra-high strength
We have engineered the new RE-free Mg alloy with superior mechanical properties to reach a higher strength limit with much lower alloying content. The alloy features the complex structures of (i) submicron matrix grains, (ii) the residual dislocations, (iii) the homogeneously distributed nano-precipitates, and (iv) the solute enrichment at LAGBs. The high strength originated from the above microstructures would be analyzed as follows.
Firstly, it is well accepted that the submicron grain size can account for the strength increment by restricting dislocation generation and movement, as depicted by Hall-Petch (HP) relationship (s ys ¼ s 0 þ k y d À0:5 ), where d is the average grain diameter, s 0 is the friction stress and k y is the HP slope. Previous studies showed that the HP relationship for Mg alloys is dependent of grain size and texture [28, 61] . The friction stress and HP slope are directly related to the activated slip systems and CRSS of the Mg matrix [28] . The soft orientation leads to a lower friction stress and lower HP slope, while the hard orientation results in larger strengthening. A number of studies have confirmed the prismatic-dominant-slip deformation mode in Mg alloys with strong fiber texture, via EPSC modeling and in situ neutron diffraction [62, 63] . Yuan et al. More importantly, it is well known that LAGBs with misorientation lower than 15 possess lower resistance to slip transmission, thus contributing poor strengthening effects as compared with HAGBs. As shown in Figs. 3 and 6 , most sub-grain boundaries are LAGBs. Therefore, using above grain size analysis method, high fraction of grains with LAGB is included in grain size measurement (especially for TX22-220 alloy) and strengthening prediction. Such analysis may overestimate the strengthening contribution from grain refinement. In this sense, a modified Hall-Petch relationship is given as following,
where the s LAGB and s HAGB present the strengthening contributions from LAGBs and HAGBs respectively, and the Ds Orowan stands for the potential strengthening increment due to the Orowan mechanism.
Accordingly, contribution of LAGBs to yield strength of asextruded TX22 samples can be evaluated by the dislocation strengthening mechanism, since the LAGB mainly consists of dislocations. The dislocation strengthening effect can be correlated with the dislocation density as following [64] ,
where M is the average Taylor factor (i.e.,~2.5 in present case with strong fiber texture) [62] , a is a constant (¼0.2), G is the shear modulus (z17 GPa), b is the Burgers vector of the gliding dislocations (jbj ¼ 0.32 nm), r 0 is the dislocation density estimated from the well-annealed materials (r 0 10 12 m À2 ), r LAGB is the dislocation located in the LAGBs. As indicted in Fig. 7 , the change in fraction of LAGBs under different extrusion conditions would necessarily result in variations of the dislocation density, and r LAGB can be estimated by Ref. [64] ,
where f is the number fraction of HAGBs, and qðdÞ LAGB is the average misorientation of LAGBs, as listed in Table 2 . qðdÞ LAGB is evaluated from the misorientation distribution data (misorientation vs. number fraction), as illustrated in Ref. [64] . As a result, contribution from LAGBs to strengthening can be given as,
In addition, contribution of HAGBs to strengthening follows the HP relationship,
By substituting parameters above, strengthening from LAGBs and HAGBs can be calculated separately, as listed in Table 2 .
Secondly, the high number density of nano-phases in the present prismatic-slip dominant alloys can impart strengthening effect via Orowan mechanism. The additional stress required for <a> dislocations to overcome the precipitates on the prismatic plane should be considered in the present case. For simplicity, precipitates are considered to be bypassed by dislocations, so the Orowan mechanism determines the strength increment [65, 66] ,
where Dt Orowan is the increase in the CRSS due to precipitate strengthening, n is the Poison ratio (z0.3), l is the effective interparticle spacing along the particular slip plane. D p is the mean planar diameter of the particle on the slip plane, and r 0 is the dislocation core radius, which is approximated to be the magnitude of jbj. According to the parameters listed in Table 2 , including D p and l, the CRSS increment could be calculated. Contribution of the Orowan hardening to the YS increment can be estimated, by considering the average Taylor factor M (~2.5). The YS increment due to the Orowan hardening (Ds Orowan ) in TX22-220, TX22-240 and TX22-280 samples are calculated to be~52 MPa,~46 MPa and 39 MPa, respectively (Table 2) . Finally, solute segregation along the LAGBs must possess certain dragging effect on the dislocation motion to account for the high strength. Actually, solute segregation or clustering have been reported in several RE-containing Mg alloys and are related to strengthening. For example, the superior mechanical properties of Mg-Zn-Y alloy are not only attributed to the LPSO phases, but also a similar phenomenon of Suzuki segregation [50] . Nie et al. reported the periodic segregation of Gd/Zn atoms on various twin boundaries in Mg alloys, which exerted a stronger pinning effect on twin boundaries migration, hence, a larger strengthening effect [60] . By accounting for the contribution from the friction stress s 0 , YSs of the TX22-220, TX22-240 and TX22-280 alloys are predicted to bẽ 456 MPa,~410 MPa and~373 MPa, respectively. The slight deviation of the calculated YSs from the measured values may be ascribed to the HP parameters adopted from AZ series Mg alloys, and/or the dislocation densities deduced from LAGBs fractions.
Novelty of present Ca-containing Mg alloys
Some other RE-free high-strength Mg alloys were reported, which was recently reviewed by Pan et al. [67] . For example, extraordinary high strength (400 MPa) can been achieved in Mg8Al-0.5Zn alloy via the slow speed extrusion and/or multi-step extrusion and rolling process [32e34,68] . However, it should be noted that such excellent mechanical properties are obtained by a more expensive or complicated processing procedure, as compared with the TX22 alloys developed in present work. In the Mg-Sn system, YSs of the wrought alloy are in the range of 200e320 MPa, due to the limited ability of grain refinement during processing [24e27]. Moreover, the total amount of solute addition would usually exceed 8 wt%, which is not cost-effective for their applications. Recently, Sasaki et al. developed a new Mg-5.4Sn-4.2Zn-2.0Al-0.2Mn (wt.%) alloy via nano-precipitations, while the highest YS is still lower than 350 MPa [31] . Besides, there have been lots of attempts to develop the novel Mg-Ca based alloy. However, the main works focused on the texture weakening due to the Ca addition. For example, in the Mg-Ca-Zn alloy, the excellent ductility can be achieved and the YS is usually lower than 300 MPa [69] . In contrast, the present work shows that it is possible to obtain ultrahigh strength in Mg-Sn-Ca alloys via low alloying addition and cheap processing cost.
On the other hand, the present work shows that high strength of the TX22 alloys can be maintained under relatively high extrusion speed of 0.7e1.0 mm/s, since the average grain size can keep as fine as 0.39e0.46 mm. In spite of that, extrusion speed used to produce TX22 alloy is still low, as compared with that of the Al alloys (in the magnitude of 10 mm/s, ram speed [30] ). Thus, it is necessary to further extrude TX22 alloys at much higher speed. Fortunately, absolute strengths of the TX22 alloys are much higher than those of the high-speed extruded Al and Mg alloys (<300 MPa). Decreasing rate of YSs with increasing ram-speed is also lower as compared with other RE-free Mg alloys (Fig. 1d) . Moreover, Nakata et al. [30] has recently developed a new Mg-Al-Ca-Mn alloy which has similar strength with 6000 series Al alloys, under the same high extrusion speed (>10 mm/s). Consequently, it is considered possible to obtain high strength in present Mg-Sn-Ca alloys under relatively high ram-speed, which will be the future work.
By the way, the present TX22 alloys exhibit lower asymmetry than conventional Mg alloys, as listed in Table 1 . In spite of that, there still exists a large gap between the tension and compression yield strengths,~100 MPa, especially in the TX22-220 and TX22-240 alloys. The large strength gap can be attributed to the strong fiber texture, where the {10-12} twinning could be more favorable for compression along the ED than tension along the ED [14, 15] . The compressive curves of the two samples with concave shape also indicate that {10-12} twinning could have larger contribution on compressive yielding than on tension (Fig. 1) . Thus, the compressive yielding is usually lower in strongly textured Mg alloys, as compared with tension. With the increasing extrusion temperature to 280 C, the yield asymmetry is remarkably decreased (with asymmetry ratio of 0.9). It can be ascribed to the weak fiber texture in the TX22-280 alloy (Fig. 3) and the contribution of {10-12} twinning on compressive yielding can be largely reduced. Change of compressive curves from concave shape in TX22-220 to parabolic shape in TX22-280 further confirms this result (Fig. 1) . Therefore, the developed alloy can serve as an attractive candidate for industrial applications.
Conclusions
In summary, we have produced a light-weight Mg-2Sn-2Ca alloy with low alloying contents. A notably high yield strength and acceptable ductility have been obtained from the as-extruded Mg2Sn-2Ca alloy, and some main conclusions can be made as follows:
1) The as-extruded TX22 alloys exhibit the highest YS of 443 MPa and UTS of 460 MPa, which exceed the known strength limits of RE-free Mg alloys, and are even comparable with those of reported RE-containing Mg alloys. The present Ca-containing Mg alloys are in a region of high strength and low alloying. Moreover, the present Mg alloys can keep at a high-strength level under the relatively high extrusion speeds. 2) The Ca addition promotes accumulations of the pyramidal dislocations in TX22 alloys, which eventually transform into the LAGBs. The dynamic recrystallization operates via either DDRX mechanism in the early stage or the CDRX mechanism in the later stage of extrusion. More importantly, it is demonstrated that the LAGBs and the residual dislocations play the critical role in generating the potential nuclei of recrystallization during extrusion of present Mg alloys.
3) The enrichment of Ca atoms at the LAGBs occurs readily in present samples, nearby which the Mg 2 Ca nano-precipitates are profusely detected. The solute Ca segregation and nanoprecipitates can block the motion of LAGBs and retard the process for transformation from the sub-grains into the DRXed grains, finally contributing to the formation of submicron matrix grains. 4) The ultra-high strengths of present samples are associated with submicron-sized grains, mono-dispersive nano-precipitates, residual dislocations and solute Ca segregation at many LAGBs. Ultra-fine grain size of the high-speed extruded TX22 alloys effectively guarantees the excellent yield strength.
Overall, the findings lead to a new and controllable alloy design strategy towards ultra-high strength Mg-alloys, which involves a combination of induced dynamic solute partitioning and a relatively high volume fraction of mono-dispersive nano-precipitates, to restrict the growth of dynamically recrystallized grains. The simple and low content of alloying elements, the relatively low extrusion temperature and high extrusion speed, and the route of one-step extrusion, are expected to open ever-bright prospects for fabricating high performance Mg products for larger-scale industrial applications. 
